Abstract-Characterization of tissue elasticity (stiffness) and viscosity has important medical applications because these properties are closely related to pathological changes. Quantitative measurement is more suitable than qualitative measurement (i.e., mapping with a relative scale) of tissue viscoelasticity for diagnosis of diffuse diseases where abnormality is not confined to a local region and there is no normal background tissue to provide contrast. Shearwave dispersion ultrasound vibrometry (SDUV) uses shear wave propagation speed measured in tissue at multiple frequencies (typically in the range of hundreds of Hertz) to solve quantitatively for both tissue elasticity and viscosity. A shear wave is stimulated within the tissue by an ultrasound push beam and monitored by a separate ultrasound detect beam. The phase difference of the shear wave between 2 locations along its propagation path is used to calculate shear wave speed within the tissue. In vitro SDUV measurements along and across bovine striated muscle fibers show results of tissue elasticity and viscosity close to literature values. An intermittent pulse sequence is developed to allow one array transducer for both push and detect function. Feasibility of this pulse sequence is demonstrated by in vivo SDUV measurements in swine liver using a dual transducer prototype simulating the operation of a single array transducer.
I. Introduction c haracterization of tissue mechanical properties, particularly the elasticity or tactile hardness of tissue, has important medical applications because these properties are closely linked to tissue state with respect to pathology [1] . For this reason, many methods have been developed to provide noninvasive estimates of tissue mechanical properties. These techniques are based on either ultrasound or magnetic resonance (Mr) imaging [2] [3] [4] [5] [6] . Ultrasound based techniques typically use an ultrasound transducer at the body surface to collect tissue information within the body and therefore require an acoustic window. applications in obese patients or organs deep within the body are limited by the penetration depth of ultrasound. although Mr elastography (MrE) is not subjected to these fundamental limitations, Mr-based techniques are more expensive, thus less likely to see wide clinical practice. Unlike MrE, ultrasound-based elastography includes many different methods, and developments of new techniques are still very active. a brief introduction of some representative ultrasound elastography techniques is provided below.
The elasticity imaging methods first developed, such as those proposed by the groups of Parker, ophir, Greenleaf, and nightingale, typically form a 2-d image providing a relative mapping of tissue viscoelasticity [7] [8] [9] [10] . although these methods are useful in detecting abnormal lesions, they are inadequate for assessing diffuse diseases such as liver fibrosis, where abnormality is not confined to a local region and there is no normal background tissue to provide contrast. such circumstances require quantitative methods, where tissue elasticity is inversely solved in unit of Pascal. considerable efforts have been directed to developing quantitative methods in recent years. several groups have proposed the use of shear wave propagation speed for quantifying tissue stiffness [1] , [11] [12] [13] . However, tissue viscosity is neglected in these methods, and this omission can cause bias in the estimation of tissue elasticity. In addition, important information about tissue state may be lost due to the neglect of viscosity because recent studies suggest that viscosity is another useful index of tissue health [14] , [15] . supersonic shear imaging has the potential to solve quantitatively both tissue elasticity and viscosity [16] , [17] . However, this technique requires super fast imaging (with a frame rate up to 5000 frames per second), which is not compatible with current commercial ultrasound scanners. In summary, there is still a need for practical techniques that quantitatively resolve both tissue elasticity and viscosity.
Toward this aim, we have proposed a new method that quantifies both elasticity and viscosity from the frequency dispersion of shear wave propagation speed [18] . We call this method shearwave dispersion ultrasound vibrometry (sdUV). Initial results obtained with gelatin phantoms showed good match to independent validations. However, shear waves were detected in this pilot study by an optical method, which cannot be applied in tissues. This paper reports further development of sdUV as summarized below. Pulse echo ultrasound is used to detect shear wave propagation, and its feasibility is demonstrated in bovine muscle in vitro. a new pulse sequence that may potentially make sdUV compatible with current ultrasound scanners is also developed. Feasibility of this pulse sequence for sdUV measurements in vivo, in the presence of respiratory and cardiac motions, is tested within the liver of an anesthetized swine. These results show that sdUV is a promising method to quantify tissue elasticity and viscosity.
II. Methods

A. Principle of SDUV
The principle of sdUV has been described in our previous paper [18] and is briefly summarized here. For a homogeneous Voigt medium, the shear wave propagation speed c s depends on the frequency of shear wave ω s (i.e., "dispersive"): 
where ρ, μ 1 , and μ 2 are the density, shear elasticity, and shear viscosity of the medium, respectively. The density of various soft tissues shows very little variance and can be assumed to be 1000 kg/m 3 . Therefore, the variation of c s versus frequency can be measured in the studied medium and fit by (1) to inversely solve for elasticity and viscosity. as shown in Fig. 1 , the "push" transducer transmits a continuous amplitude modulated (aM) ultrasound beam to generate harmonic vibration (typically in the range of hundreds of Hertz) within the studied medium at the transducer focus. Monochromatic shear wave of frequency ω s propagating outward from the vibration center can be monitored by the "detect" transducer in pulse-echo mode at 2 locations along the propagation path. The propagation speed of the shear wave at ω s is estimated by tracking the phase change of the wave over the distance it propagates:
where Δϕ s = ϕ 1 -ϕ 2 is the phase change over the traveled distance Δr. alternatively, one can keep the detect beam fixed in space and move the push beam laterally to obtain 2 phase measurements Δr apart for shear wave speed estimation with (2) . The frequency of shear wave can be changed by controlling the modulation frequency of the aM ultrasound, and shear speed measurements are made one frequency at a time to quantify dispersion. The dispersion characteristic of the studied tissue thus measured is fit with (1) to solve for tissue elasticity and viscosity.
It is important to note that sdUV is not a 2-d imaging method, but provides "virtual biopsy" of tissue viscoelasticity at any selected location of measurement within the studied tissue.
B. Detection of Shear Wave by Pulse Echo Ultrasound
as mentioned above, detection of shear wave with ultrasound is important for medical applications where optical methods are not feasible. The challenge is that vibration caused by the push ultrasound beam is usually small and can be affected by various environmental noises such as body, breathing, and cardiovascular motions. Because the vibration is a pure tone and its frequency is known, one can apply Kalman filtering to extract the vibration phase only at the shear wave frequency and reject all outof-band noises. More specifically, ultrasound pulses are repeatedly transmitted to the same detection location with a pulse repetition frequency (PrF) of several kilohertz. a fixed time point in the echo corresponding to a selected tissue region along the ultrasound beam is demodulated across all echoes to obtain the vibration versus time record as the shear wave passes that tissue region. a Kalman filter is then applied to the vibration-time record to lock-in and extract only the signal at the shear wave frequency. although estimates of both amplitude and phase of tissue vibration are provided by the Kalman filter, only phase is used by sdUV. Then the detect ultrasound beam is focused at another location along the shear wave propagation path to obtain a second shear wave phase at the same shear wave frequency. shear wave speed at this frequency is calculated from the phase shift and distance between these 2 locations. The whole process is repeated for several shear wave frequencies to characterize dispersion. details about shear wave detection with ultrasound can be found in the paper by Zheng et al. [19] .
C. SDUV with a Single Transducer
The sdUV setup in Fig. 1 requires 2 separate transducers: one push transducer to generate shear waves and one detect transducer to monitor shear wave propagation. This can be rather cumbersome and limit the clinical applications of sdUV. an intermittent pulse sequence that may allow sdUV measurements using one commercial array transducer is proposed to avoid this limitation. This important development makes sdUV potentially compatible with current ultrasound scanners. If implemented on a clinical scanner, the envisioned application of sdUV is described as the following. a B-mode scan of the patient will be first conducted to provide image guidance for sdUV measurements. a location of interest can then be selected within the B-mode image and the machine will be temporally switched to sdUV mode for "virtual biopsy" of tissue elasticity and viscosity at the specified location. Each sdUV measurement takes about 0.1 s; therefore, this interactive process can be repeated quickly at multiple locations to provide a comprehensive evaluation of the studied organ.
The intermittent pulse sequence for sdUV has both spatial and temporal features. as illustrated in Fig. 2 , the push beam and the detect beam are focused at different locations. current commercial array transducers can electronically steer the ultrasound beam to different locations without mechanically moving the transducer. The push beam is used to generate a shear wave within the studied tissue. The detect beam is in pulse echo mode to monitor and record shear wave propagation. Furthermore, the detect beam needs to be steered to at least 2 different locations to obtain a phase difference for shear wave speed estimation using (2) (only one detect location is shown in Fig. 2 to avoid making the figure too busy) .
The timing of the pulse sequence is illustrated in Fig.  3 . The push-and-detect beams are shade-coded the same way as in Fig. 2 . The push sequence and detect sequence in Fig. 3 are focused at different locations (refer to Fig.  2 ). Each push toneburst has a duration of several hundred microseconds and is repeated at a pulse repetition frequency of PrF p = 100 Hz. a push sequence typically consists of 10 tonebursts, exerting a force of constant amplitude, every 10 ms, to the same tissue region at the transducer focus. The spectrum of such repeated on/off push sequence contains the fundamental frequency at 100 Hz and its harmonics at 200, 300, and 400 Hz etc. shear waves produced by this push sequence contains multiple pure-tone frequencies, and all frequency components can be detected simultaneously. Therefore, dispersion information can be obtained with only one push sequence: repeating the push sequence at different frequencies (as required by the aM push beam in Fig. 1 ) is not necessary. as a result, sdUV measurement time is reduced and heating by ultrasound to tissue is also minimized. shear waves above 500 Hz generated by this on/off push sequence are typically very weak and quickly attenuated when propagating outward. Therefore, dispersion measurement is limited up to about 400 Hz.
III. Experiments
A. In Vitro Experiment
an in vitro experiment was conducted in striated bovine muscle to test the feasibility of sdUV measurements in real tissue. Pulse echo ultrasound was used to detect the propagation of shear waves within the tissue. Instead of an ultrasound push beam, a mechanical actuator was used in this experiment to generate shear waves. This setup avoided interference to pulse echo motion detection from the push beam and therefore allowed the study of puretone, monochromatic shear waves (shear waves produced by the pulse sequence in Fig. 3 are multitone). a bovine muscle measuring 8 × 15 × 5 cm had a through hole cut at its center and a glass rod with a diameter of 6 mm was 57 cHEn ET al.: sduv for measuring tissue elasticity and viscosity Fig. 3 . Timing of the push beam and detect beam shown in Fig. 2 . The push and detect beams are interspersed in the time domain such that there is no interference between the push and detect beams. Push toneburst repeated at frequency PrF p produces shear wave at PrF p and its harmonics. The push beam and detect beam are focused at different locations as shown in Fig. 2. glued in the hole throughout the thickness (5 cm) of the sample. The glass rod was driven by the mechanical actuator to introduce monochromatic shear waves ranging from 200 to 500 Hz in the tissue. shear wave of 100 Hz was not used in this experiment due to concerns about resonance of the muscle-rod-actuator system. Each frequency was interrogated independently (i.e., one frequency at a time). due to the inherent frequency response of the actuator, displacement of the rod in this experiment was measured to be 9.2, 4.6, 2.4, and 1.4 microns for 200, 300, 400, and 500 Hz, respectively. For all frequencies tested, the rod was vibrated for 50 ms (i.e., 10 cycles for 200 Hz, 15 cycles for 300 Hz, and so on) during shear wave measurements. The propagation of the shear wave was tracked by a focused ultrasound transducer in pulse-echo mode over a range of 1 cm at different locations separated by 2 mm intervals. Measurements were made both along and across muscle fibers. Vibration amplitude of the rod remained the same for measurements in both directions. The transducer has a center frequency of 10 MHz and focused at about 4 cm. Ultrasound echoes were digitized at 100 MHz and processed by the method detailed in [19] to estimate the phase of the shear wave. The propagation speed of the shear wave was then calculated by (2) and dispersion measurements at multiple frequencies were then fit by (1) to solve for tissue elasticity and viscosity.
B. In Vivo Experiment
a pilot in vivo experiment was performed in swine liver to test the feasibility of the intermittent sdUV sequence in the presence of breathing and cardiac motions. Two separate transducers were used in this experiment to simulate a single array transducer because currently we have no access to control the operation of a commercial array transducer. The push transducer operated by the push pulses and the detect transducer operated by the detect pulses followed the exact timing shown in Fig. 3 . Therefore, results obtained with this arrangement should be a reliable indication of the pulse sequence's performance on a single array transducer.
The experiment conformed to the policy of the Institutional animal care and Use committee at Mayo clinic. a farm pig was anesthetized with an infusion of ketamine (2 mg/kg/h), fentanyl (0.02 mg/kg/h), and etomidate (0.08 mg/kg/h) and mechanically ventilated. B-mode imaging of the liver was performed to find suitable locations for sdUV measurements. a water bath was formed on the abdomen of the pig. sdUV measurements of the liver were then performed through the pig abdominal wall with one push transducer and one detect transducer in the water bath, as shown in Fig. 4 . The push transducer was a narrow band air-backed transducer with a diameter of 4.4 cm, a center frequency of 3 MHz, and focused at 7 cm. The detect transducer was a broadband image transducer with a diameter of 2.1 cm, a center frequency of 5 MHz, and focused at 9 cm. The push transducer and the detect transducer were aligned co-focally with pulse echo technique using a small sphere as a point target. The operation of these 2 transducers followed the timing shown in Fig. 3 , with PrF p equal to 100 Hz and PrF d equal to 1.6 kHz. Each push toneburst had a duration of 0.3 ms, and 10 tonebursts were transmitted to the same push location to generate multitone shear waves. The detect beam had a center frequency of 5 MHz, and echoes were recorded at 100 MHz sampling rate. Mechanical ventilation was temporarily suspended during data aquisition and electrocardiographic (EcG) signal was used to trigger sdUV measurements when cardiac motion was minimum during a heart cycle. The push transducer was moved laterally by a scanner motor with micrometer precision to change the shear wave propagation distance. Measurements were made at initial position (0 mm) and when the push trans- ducer moved away by 1 mm, 2 mm, 3 mm, and 4 mm laterally. Measurements at different locations were automated by the scanner motor. acquisition at consecutive locations was delayed by 2 s and triggered by EcG (all locations were measured within one breath hold of 10-15 s). shear wave phase at locations 0 and 4 mm was used to calculate shear wave speed using (2) . nine sdUV measurements were repeated with the push/detect transducers aiming at the same spatial location. repeated measurements were made with different breath holds. The actual measurement positions within the liver should be confined to a relatively small region from one breath hold to another.
IV. results
Fig . 5 shows the shear wave propagation speed as a function of frequency measured along (circles) and across (crosses) the fibers of the bovine muscle. The solid lines are the least mean square (lMs) fits from (1) that give a shear elasticity of μ 1 = 29 kPa and a viscosity of μ 2 = 9.9 Pa·s along the fibers; and μ 1 = 12 kPa and μ 2 = 5.7 Pa·s across the fibers. Fig. 6 (a) and (b) are examples of shear waves measured at 0 and 2 mm. one can clearly see the fundamental frequency (100 Hz) as well as its higher harmonics (200, 300, 400 Hz, and so on). Phase shift due to propagation is small but visible. The phases of shear waves at frequencies 100 to 400 Hz can be estimated from these vibration-time records by the Kalman filter. Fig. 6(c) demonstrates that the shear wave phase changes linearly with propagation distance for all frequencies studied. shear wave speed, shown as circles in Fig. 6(d) , are calculated using phase information at location 0 mm and 4 mm in Fig. 6(c) . The solid line is the lMs fit by (1), which gives μ 1 = 2.4 kPa and μ 2 = 2.1 Pa·s.
The means and standard deviations of elasticity and viscosity obtained from 9 different sdUV measurements are μ 1 = 2.2 ± 0.63 kPa and μ 2 = 1.96 ± 0.34 Pa·s. We are not aware of previous literature reports on elasticity and viscosity measured in vivo in swine liver. However, these results are comparable to in vivo values reported for normal human liver (μ 1 = 2.06 ± 0.26 kPa and μ 2 = 1.72 ± 0.15 Pa·s) and normal rat liver (μ 1 = 1.76 ± 0.37 kPa and μ 2 = 0.51 ± 0.04 Pa·s) [14] , [15] . Fig. 7 provides a visual summary of this comparison.
V. discussion
This study shows promising sdUV results for quantitative measurements of elasticity and viscosity in bovine striated muscle and swine liver tissue. currently, there is no gold standard for elasticity and viscosity measurements in soft tissues. The in vitro bovine muscle results are similar to those reported in another in vitro study in bovine 59 cHEn ET al.: sduv for measuring tissue elasticity and viscosity muscles: μ 1 = 49 kPa, μ 2 = 15 Pa·s along the fibers and μ 1 = 25 kPa, μ 2 = 3.3 Pa·s across the fibers [20] . The difference in the values reported by these 2 studies may be due to natural variations between bovine muscle obtained from different anatomic locations and due to variations in length of time post mortem before the measurements were made. The values along and across the fibers are different because muscle is known to be anisotropic. Muscle filaments can slide along each other, and this weak coupling between filaments may be the reason that muscle demonstrates lower stiffness across fibers than along fibers.
The feasibility of sdUV measurements with one array transducer is demonstrated by an in vivo animal experiment using a dual transducer prototype. sdUV uses highintensity ultrasound in the push beam, therefore, potential risks associated with this method need to be assessed. For diagnostic ultrasound, the Fda limit is 1.9 for mechanical index (MI), which is an indication of potential cavitation generated by ultrasound [21] . Thermal index (TI) is a more appropriate indication of potential tissue heating than the spatial peak temporal average intensity (I spta ) for short duration, high-intensity ultrasound pulses as are used in acoustic radiation force imaging (arFI) or sdUV [10] . The current Fda limit for TI is 6. The acoustic output of the push transducer used in the in vivo animal experiment was measured by a calibrated PVdF bilaminar shielded membrane hydrophone (GEc-Marconi, with an active element of 1.0 mm) in a water tank. Using a derating factor of 0.3 dB/cm/MHz, the values of MI .3 and I sptp.3 are estimated to be 2.8 and 1300 W/cm 2 , respectively. a worstcase estimate of the potential temperature increase can be calculated by solving the bioheat equation and ignoring heat convection and blood perfusion [22] : ΔT = 2αIt/γ, where ΔT is temperature increase, α is the absorption coefficient of ultrasound, I is the acoustic intensity of ultrasound, t is the application time of ultrasound, and γ is the volume specific heat for tissue. Using this approach, the upper limit of tissue heating for one push sequence is estimated to be 0.32°c (α = 0.173 np/cm (i.e., 0.5 dB/ cm/MHz at 3 MHz), I = 1300 W/cm 2 , t = 3 ms (i.e., 10 repeated pushes each lasts 0.3 ms), γ = 4.2 J/cm 3 /°c).
Because the push beam was move laterally during the sdUV measurements, heating at different push locations did not accumulate. Therefore, the maximum heating of one sdUV measurement was still 0.32°c, corresponding to a TI of 0.32. The MI used in the in vivo experiment was over the Fda limit. However, it is important to note that sdUV measurements can be made at lower MI. The acoustic output was measured after the in vivo experiment. If we had known the acoustic output in advance, a push beam of lower MI could have been used to obtain the in vivo measurements (we have made good measurements with lower MI in other experiments). For example, a push beam of higher ultrasound frequency would be able to produce a similar amount of tissue motion at lower MI. alternatively, a push beam with lower peak-negativepressure (thus lower MI) can be used. Tissue displacement will be approximately half of that shown in Fig. 6 if an MI of 1.9 is used through this approach. It is expected that sdUV measurements will still be reliable under such situations: a study by Urban et al. [26] indicates that even submicron motions can be accurately detected in sdUV applications. In addition, tissue displacement can be increased by using push tonebursts of longer duration while MI is kept below 1.9 (tissue experiments indicate that displacement increases about linearly with push duration when the acoustic level of push beam is fixed). Therefore, it is expected that sdUV measurements can be reliably made within current Fda regulatory limits.
The intermittent pulse sequence in Fig. 3 generates multitone shear waves, and all frequency components are detected simultaneously. There remains a question whether sdUV measurements using multitone shear waves and pure-tone shear waves (measured one frequency at a time) would yield the same result. a comparison experiment was performed in a uniform gelatin phantom to answer this question. Measurements using the multitone approach (with the same push and detect transducers as the in vivo liver experiment) and pure-tone approach (with the same mechanical actuator and rod as the in vitro muscle experiment) were repeated at 8 different locations across the same test phantom. results of multitone sdUV are μ 1 = 3.38 ± 0.29 kPa and μ 2 = 0.79 ± 0.14 Pa·s. results of pure-tone sdUV are very similar: μ 1 = 3.61 ± 0.52 kPa and μ 2 = 0.77 ± 0.27 Pa·s. standard deviations of these measurements include variations caused by the measurement system and by small inhomogeneity of stiffness and viscosity within the phantom. Therefore, these results also provide information about precision of the method.
The shear wave dispersion equation, (1), used in sdUV is based on a Voigt model. There are other choices of rheological models such as a Maxwell model. It is not yet clear which one is the best model to describe the response of soft tissues. The Voigt model is widely used in MrE for soft tissues. a recent paper compares the Voigt and Maxwell models and concludes that the Voigt model is better for the agar-gelatin phantom and bovine muscle studied [20] . The excellent fits between (1) and shear wave speed dispersion measured in muscle and liver ( Fig. 5 and 6 ) also suggest that the Voigt dispersion model is sufficient at least for the frequency range used in sdUV.
sdUV is capable of providing quantitative measurements of tissue viscosity, in addition to elasticity, and has several beneficial features. First, shear wave propagation is governed by material properties but is independent of the ultrasound intensity and beam shape at the focus. Therefore, sdUV is not affected by these unknown factors, and measurements are device independent. second, shear waves generated by the push ultrasound beam in sdUV have small amplitudes and decay quickly when propagating through soft tissue. Therefore, the risk of interference caused by shear wave reverberation is minimized. Finally, each sdUV acquisition takes about 0.1 s; therefore, measurements can be selectively placed at a time window during the heart cycle when tissue motion due to cardiac activity is minimum at the measurement sites, if found necessary. short acquisition time also allows fast acquisition of multiple measurements at different locations within the organ of interest to get a comprehensive assessment of tissue state.
sdUV also has its limitations. For example, this technique provides a single point measurement. although 2-d imaging is theoretically possible by repeating measurements one location at a time, this would be time consuming with the current sdUV approach. In addition, penetration of sdUV is limited by whether enough ultrasound intensity can be delivered to the depth of measurement to generate sufficient tissue vibration. It is expected that sdUV measurements are feasible at depths 5 to 7 cm from the body surface using modern array transducers. Whether measurements in obese patients are possible remains to be tested. This is a common limitation shared by all ultrasound elasticity imaging techniques. Finally, sdUV assumes local homogeneity for the measurement site and therefore cannot be applied to very small lesions. shear wave phases measured at 2 locations a few millimeters apart are required with the current sdUV setup. Future research is needed to investigate the minimum lesion size that sdUV can be applied to.
It is important to note that arFI [12] uses transient shear waves and sdUV uses periodic shear waves, which leads to several differences between these 2 methods. First, shear wave speed is estimated from the arrival time of the shear wave front in arFI, but from phase differences in sdUV. second, shear wave speed is estimated from a transient wave front in arFI, as opposed to multiple cycles of shear wave vibration in sdUV. Therefore, sdUV may be more advantageous when tissue displacement or snr is low. Third, dispersion of shear wave velocity is used in sdUV to solve for viscosity, whereas currently this is not studied by arFI [12] .
There are numerous potential clinical applications for quantifying tissue elasticity and viscosity using sdUV. one such application is for liver fibrosis staging. liver fibrosis/cirrhosis can be caused by various chronic liver diseases and thus has high prevalence (hundreds of millions incidences worldwide and around 900,000 patients in the United states) [23] . liver biopsy is currently the gold standard for the diagnosis and staging of liver fibrosis, but it is invasive and can cause significant complications. recently, it has been demonstrated that liver elasticity (i.e., stiffness) can be used for fibrosis staging [14] , [24] , [25] . liver fibrosis is a diffuse disease and therefore requires quantitative measurements. sdUV as described above would have an ideal application as "virtual biopsy" of liver stiffness and viscosity using ultrasound.
VI. conclusions
This study demonstrates that the frequency dispersion characteristic of shear wave speed in tissue as measured by sdUV can be used to quantify both tissue elasticity and viscosity. shear waves can be generated and detected reliably within porcine liver tissue using ultrasound push beam and detect beam. Feasibility of an intermittent pulse sequence that may potentially make sdUV compatible with current ultrasound scanners is demonstrated with in vivo experiments using a dual transducer prototype simulating the operation of a single array transducer. 
